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Introduction
Alveolar bone supports teeth during mastication and is presumed to adapt to occlusal forces; however, the effects of growth and occlusal loading on the structural characteristics of alveolar bone are not clear. Mature alveolar bone is comprised of three components: alveolar bone proper (ABP), outer cortical bone and intermediary cancellous bone, when the tooth has fully erupted. 1 In alveolar bone studies, continuous occlusal load applied by a bite block significantly increased mandibular alveolar cortical bone width in growing rats. On the other hand, reduction of occlusal force through a soft diet led to lower values of alveolar cancellous bone volume fraction and trabecular thickness. 2 Lacking from this study, however, is an understanding of the roles that growth and occlusal loading play individually and concomitantly in the alveolar bone structural adaptation.
Growth and mechanical usage have been shown to influence both cortical and cancellous bone mass and architecture. In long bones, cortical bone mass is believed to be controlled by mechanical usage (Frost 1987 , ''mechanostat'' hypothesis). 3 During functional loading, cortical bone tended to increase bone mass in order to lower peak strain toward a threshold range lower than 1500 microstrain. In cancellous bone, bone density is found to increase during growth. The fine trabecular patterns of the distal radius in young children coarsens with age 4 and adolescent lumbar cancellous bone shows higher bone volume fraction and more plate-like trabeculae than in children. 5 Furthermore, Wolff's law proposed that trabeculae would orient along the direction of applied load in order to provide better support in that direction. Indeed, biomechanical testing has shown that the stiffness and strength of cancellous bone corresponds with the main orientation of trabeculae with respect to the direction of load. [6] [7] [8] Additionally, the contributions of trabeculae to the anisotropic elastic moduli have been calculated in a finite element study in which the axial loading of cancellous bone was mainly sustained by the axially aligned cancellous bone. 9 In pig vertebral and tibial cancellous bone, bone density has been shown to increase from the early phases of growth, whereas trabecular architecture developed a dominate orientation along the loading axis (trabecular anisotropy) much later. 7 Furthermore, elastic modulus, bone volume fraction and architectural anisotropy were positively correlated with age in ovine tibia cancellous bone. 10, 11 Therefore, both growth and mechanical loading can lead to increased bone density and anisotropy. This study examines the impact of age and occlusal contact on alveolar bone structure through comparison of bone distal to mandibular first molars (M 1 's) in different pig models. First, a tooth eruption and occlusion model was used. The 13-week pigs that showed M 1 's just emerging from gingivae and lacking occlusal contact with opponent teeth, were compared with 23-week old pigs that had full occlusal contact between maxillary and mandibular first molars (M 1 /M 1 ) on both sides. A second tooth extraction model was used to emphasize the impact of occlusal function on the supporting alveolar bone. Our hypothesis was that during growth, alveolar bone will increase in bone density but occlusal loading will further reinforce alveolar bone structure. Specifically, alveolar bone will have increased bone density and will develop a specific trabecular orientation only after occlusal loading, in order to distribute occlusal stresses.
Materials and methods
Five 13 week old miniature pigs (Sinclair Research Farms, Columbia, MO) and four 23 week old pigs were used in the first tooth eruption and occlusion model. Because alveolar bone growth and tooth occlusion conditions are different between these two age groups, their comparison was expected to reveal the combined effects of growth and occlusal loading on alveolar bone structure. Four tooth extraction pigs were used in the second model, the tooth extraction model (occluding side, n = 4; non-occluding side, n = 4). In order to clarify the individual role of occlusal loading in alveolar bone adaptation, tooth extraction surgeries were performed to remove occlusal loading from the mandibular molar on one side. Specifically, the maxillary deciduous fourth premolar (DP 4 ) and M 1 of 4 miniature pigs were extracted on one side before these teeth developed occlusal contact with the opposing M 1 's. All four pigs were acquired at 12 weeks of age because at this stage, M 1 has just started to penetrate through the gingiva and no occlusal contact has developed with upper teeth (Fig. 1) . Tooth extraction surgery occurred the following week, and the extraction side was chosen randomly each time during surgery to avoid bias induced by side preference. After 
surgery, M 1 's were allowed to erupt on both sides while only the non-extraction side M 1 was able to develop occlusal contact with opponent teeth. The effect of tooth extraction surgeries on the masticatory system has been described previously. 12 Electromyography was used to track chewing activity before and after tooth extraction. Additionally, a terminal procedure to measure buccal alveolar strain was carried out once full occlusal contact between non-extraction side M 1 /M 1 was achieved (Fig.  2) . Immediately following tooth extraction surgeries, pigs favoured the non-extraction side during chewing; however, by 5-6 weeks post-extraction, most pigs demonstrated a recovery to the normal alternating chewing pattern. All pigs were 22 or 23 weeks old at termination. Pigs with tooth extractions showed higher in vivo buccal shear strains on the occluding side of the mandible relative to the non-occluding side during chewing; however, on both sides strain magnitudes were similar to those recorded in a previous study of mandibular corpus strain below DP 4 in pigs with normal occlusion. 13 Alveolar bone of left and right sides of the same pig mandible were compared post mortem. Because the tooth extraction pigs were at the same age as the normal 23-week tooth occlusion pigs of the first model at termination, the comparisons between the same age pigs from different models were also expected to emphasize the occlusal function effect on alveolar bone. All experimental procedures were approved by the Animal Ethics and Research Committee and were conducted in accordance with the Guidelines for the Care and Use of Laboratory Animals of The Health Sciences of University of Washington.
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Microcomputed tomography scanning ), trabecular number (Tb.N, 1/mm), trabecular thickness (Tb.Th, mm) and trabecular separation (Tb.Sp, mm) were measured. Trabecular number (Tb.N) was calculated as the inverse of the mean distance between the middle axes of the structure. Mean trabecular thickness (Tb.Th) was determined from the local thickness at each voxel representing bone and trabecular separation (Tb.Sp) was calculated by applying the technique used for the direct thickness calculation to the nonbone parts of the 3D image. 16 Structure Model Index (SMI), an estimation of the plate-rod characteristic of the structure, was also directly assessed. Architectural indices were then derived including bone volume fraction (BV/TV, %), the percentage of bone volume in the total volume of a specimen and connectivity density (Conn. D., 1/mm 3 ), the negative Euler number divided by tissue volume. The Euler-Poincaré number represents the extent of connectedness between trabecular elements, where (1-Euler Number) represents the number of branches in the structure that can be removed without breaking the structure into two parts. 17 Surface density (BS/ BV, mm 2 /mm 3 ), the surface area of the trabeculae in relation to the total bone volume; and the Degree of Anisotropy (D.A.), the eigenvalue of the primary direction divided by the eigenvalue of the tertiary direction 15 were also derived.
The region of focus was the alveolar bone area surrounding the developing roots of M 1 (Fig. 3) . The alveolar bone area distal to M 1 was selected as the volume of interest (VOI) because occlusal forces are expected to be highest in the most distal dentition closest to the jaw joint. Therefore the impact of occlusal force on alveolar bone was expected to be easier to identify in this VOI. Specimens were scanned horizontally starting from the tooth crown and moving apically. The first horizontal microCT slice containing the bifurcation of distal roots of M 1 was selected as the starting point for defining the VOI of the bone structure analysis. Extending apically, all slices were included until no disto-lingual (DL) tooth root structure of M 1 could be seen. The VOI was then defined as the alveolar bone distal to the DL tooth root of M 1 within these selected slices. Definition of the boundaries of the VOI is described as follows. First, the midpoint of the shortest line connecting the disto-lingual and disto-buccal root of M 1 was found. From this midpoint, a line extended distally to define the disto-lingual alveolar bone VOI, but exclude the M 2 crypt cortical bone layer. Therefore, the buccal boundary of the disto-lingual alveolar bone VOI was midway between the disto-lingual and disto-buccal roots of M 1 . The lingual border of this VOI extended to but excluded the lingual cortical bone. For 3D reconstruction of this VOI, a 2D region of interest was first carefully contoured on the first and every 25 slices along the z-axis of the VOI until the last slice; the intermediate slices were interpolated by morphing. This VOI was defined as the combined ABP + cancellous VOI because this VOI was likely to contain alveolar bone proper and cancellous bone. This VOI was further separated into individual ABP and cancellous VOI for analysis (Fig. 3 ). In radiographs, the alveolar bone adjacent to the distal root of erupting M 1 showed a denser structure than the cancellous bone region ( Fig. 3A ) and in histology studies this denser structure appeared to be about 1.5 mm (data not shown). In order to designate a region of interest within the combined ABP + cancellous VOI that would be likely to contain the ABP, if this tissue was developed, the ABP VOI was defined as the immediate 1.5 mm bone tissue thickness adjacent to the tooth root. The remaining bone within the combined VOI represented the cancellous bone VOI. In order to have a more detailed inspection of the structure of alveolar bone and its transition status along the developing tooth root, all three VOIs were further divided vertically along the tooth root into cervical, middle and apical thirds. The mean values of VOI structural indices before subdividing into thirds were also reported and defined individually as the combined ABP + -cancellous VOI total, ABP VOI total, or cancellous VOI total. All data are presented as mean and standard deviation (mean AE S.D.). Non-parametric Mann-Whitney tests were used to compare indices between the tooth eruption and occlusion groups. Wilcoxon signed ranks tests were used to compare indices between two related samples, the nonoccluding (extraction) and occluding (non-extraction) side of tooth extraction models. When comparing indices within the same group, Wilcoxon signed ranks tests were also used. Levene's Test of Homogeneity of Variance was used to compare the standard deviation between different groups. When comparing the structural indices between different models, the Bonferroni correction was used. All statistical analyses were performed using SPSS statistical package (SPSS 15.0, SPSS Inc., Chicago, IL). A p value of less than or equal to 0.05 was considered significant, and marginally significant and significant comparisons are noted in Tables 1-7) . G*Power 2 online freeware was used for all power calculations.
Results

MicroCT analysis of the tooth eruption and occlusion model
A tendency toward higher ABP bone density was found in the 23-week tooth occlusion specimens versus the 13-week tooth (5) cancellous middle, (6) cancellous apical, (7) cortical layer of M 2 crypt, which was excluded from analysis. 
eruption specimens but the cancellous bone density was similar between these two groups (Figs. 4 and 5) . In bone density index BV/TV, the index used to represent the percentage of bone volume in the total volume, the 23-week pigs had marginally higher values in the ABP VOI when compared with the 13-week pigs (Table 1 ). For example, the average BV/TV of the 23-week pig ABP total was 0.66 but was 0.49 of the 13-week pigs (Mann-Whitney test, p = 0.053). On the other hand, the BV/TV was similar between the cancellous VOIs of the 23-week and 13-week pigs (mean of 0.46 vs. 0.58; cancellous total; Table 2 ). The 23-week ABP showed a decreasing tendency in BV/TV from cervical to apical ( Fig. 6 and Table 1 ; Wilcoxon signed ranks tests, p = 0.068). The difference between cancellous bone and ABP VOIs was relatively small in the 13-week pigs but showed a tendency to differ in the 23-week pigs (Tables 1 and 2 In some regions, occlusally loaded 23-week pig M 1 alveolar bone had fewer but thicker as well as more separated trabeculae than the 13-week non-occluding pigs. In Connectivity Density (Conn. D.), the index used to investigate the number of connecting trabeculae, the alveolar bone of 13-week pigs showed marginally higher values than the 23-week pigs (Fig. 7) . For example, the mean Conn. D. in cancellous bone total VOI was 4.68 (1/mm 3 ) in the 13-week pigs but it was 2.67 in the 23-week pigs (Mann-Whitney test, p = 0.053). The mean Conn. D. in ABP total VOI was 5.08 in the 13-weeks but it was 2.31 in the 23-weeks (Mann-Whitney test, p = 0.053). In BS/ BV, the surface area of the trabeculae in relation to the total bone volume, the 13-week pigs had higher average BS/BV in ABP VOI middle third when compared with 23-week pigs. The [ (Table 3; Mann-Whitney test, p = 0.014). Lower trabecular numbers (Tb.N) were found in the 23-week VOIs ( Table 4 ). The average Tb.N was 1.66 (1/mm) in the 23-week pig cancellous bone cervical third but it was 2.62 in the 13-week pigs (MannWhitney test, p = 0.014). The trabecular thickness (Tb.Th) was higher in the 23-week VOI, the cancellous VOI apical third Tb.Th was 0.38 (mm) in the 23-weeks but was 0.30 in the 13-weeks (Table 5 ; p = 0.014). The trabecular separation (Tb.Sp) was higher in the 23-week cancellous VOI. The mean Tb.Sp was 0.69 (mm) in the 23-week cancellous VOI middle third but was 0.39 in the 13-weeks (Table 6 ; p = 0.050).
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No change in trabecular orientation could be found after occlusal function. In Degree of Anisotropy (D.A.), the index used to investigate the principal direction of trabeculae, all the 13-week and 23-week pig alveolar bone VOIs had similar values to one another (Fig. 8) ; thus, the occlusion specimens did not show higher directionality than the eruption specimens. On the other hand, the 23-week pigs demonstrated a more plate-like bone structure than the 13-week pigs. In Structure Model Index, an estimation of the plate-rod characteristic of the structure, the 23-week pig alveolar bone showed more negative values in the ABP middle VOI when compared with the 13 weeks, showing a more plate-like structure in some regions of the older pigs. The mean ABP middle VOI SMI was À3.02 (ratio) in the 23-week specimens but was 0.56 in the 13-week specimens (MannWhitney test, p = 0.014).
In most of the indices studied, 23-week pigs showed a lower standard deviation (S.D.) than 13-week pigs. For example, the 13-week ABP cervical BV/TV had a S.D. at 0.17 and the S.D. was 0.03 in 23-week samples (Levene's Test of Homogeneity of Variance, p = 0.004); thus, the 23-week pigs had a more consistent ABP cervical structure. Several other indices also showed the same tendency in the decreasing variability with age. For example, the 13-week cancellous VOI cercival Conn.D. had a S.D. at 2.06 and the S.D. was 0.54 in 23-week specimens ( p = 0.005). The bone appeared to have more consistent structural indices in older pigs than in younger pigs.
In summary, even though the mean BV/TV was very similar between 13-week and 23-week pigs in the combined ABP + -cancellous VOIs (0.52 vs. 0.54, 13 vs. 23-week; total), when further divided into separate ABP and cancellous VOIs, the structure showed a tendency to differ. In the cancellous bone VOI, 13-week pigs showed similar average BV/TV with 23-week pigs, but in the ABP VOI, 23-week specimens showed a tendency to have higher BV/TV than the 13-week specimens (mean of 0.49 vs. 0.66; 13 vs. 23-week ABP total, p = 0.053). The 23-week pigs had fewer trabeculae and marginally less Conn. D. but the trabeculae were thicker and more separated from each other. Corresponding with the trabecular number, 23-week pigs also showed a smaller BS/BV. The structural model index analysis suggested that the pig alveolar bone was more plate-like in 23-week pigs but more rod-like in 13-week pigs. The D.A. demonstrated that the alveolar bone structure in 13-week pigs had similar anisotropy values with the 23-week pigs. However, the 23-week pig alveolar bone structure showed greater consistency than the 13-weeks.
MicroCT analysis of the tooth extraction model
Similar bone densities were found between the non-occluding and occluding sides of the tooth extraction model alveolar [ [ bone. No differences in average BV/TV were observed in alveolar bone VOIs between non-occluding and occluding sides (Tables 1 and 2 ). In the cancellous total VOI, however, a marginally significance was found between the two sides of the tooth extraction specimens. The non-occluding side showed marginally lower BV/TV than the occluding side (mean of 0.56 vs.0.59; non-occluding vs. occluding, Wilcoxon signed ranks test, p = 0.068, Table 2 ). In the ABP VOIs, both sides demonstrated marginally higher BV/TV in the cervical and middle thirds than the apical third ( p = 0.068). The same tendency to have a greater density in the ABP as well as a distinction between cancellous bone and ABP VOI total BV/TV in the normal 23-week tooth occlusion pigs was also present on both sides of the tooth extraction model (Wilcoxon signed ranks test, p = 0.068 for both sides, Tables 1 and 2 ). However, because of the small sample sizes, the power of analysis was limited (power = 0.09, post hoc, G*Power 2). According to the data collected from these four tooth extraction pigs, in order to detect a significant difference in cancellous total bone density between the two sides of the tooth extraction model, 64 animals for each group would be needed to find this difference with a 80% power level in a two-tailed analysis.
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Additional structural indices were similar between sides. In Connectivity Density (Conn. D.), the alveolar bone of the occluding side was not significantly different than the nonoccluding side in cancellous bone (Fig. 7) . The average cancellous total VOI Conn. D. was 2.97 in the occluding side and it was 3.34 in the non-occluding side ( p = 0.068). In BS/BV, there were no significant differences between the two sides (Table 3) . But the cancellous bone of the occluding side showed a marginally lower value than the non-occluding side and corresponded with the lower Connectivity Density finding. The mean BS/BV of the cancellous middle VOI was 5.54 in the occluding side and it was 6.03 in the non-occluding side ( p = 0.068). In the cancellous middle VOI, the occluding side also showed a marginally lower Tb.N, higher Tb.Sp than the non-occluding side (Tables 4 and 6 ; p = 0.068).
In D.A., the two sides showed similar values to each other. However, in the cancellous middle VOI, the occluding side showed a marginally higher D.A. than the non-occluding side (mean of 1.68 vs. 1.52, p = 0.068). The SMI of the occluding side cancellous bone showed marginally more negative values when compared with the non-occluding side. For example, the mean SMI of cancellous bone total VOI in the occluding side was À2.24 and it was À1.59 in the non-occluding side (Wilcoxon signed ranks test, p = 0.068; Table 7 ). This suggests that the cancellous bone of the occluding side had a tendency to be more plate-like.
The occluding side showed smaller standard deviation than the non-occluding side in several indices. For example, the combined ABP + cancellous VOI apical trabecular number of occluding side had a smaller S.D. than the non-occluding side ( p = 0.006). The cancellous VOI apical trabecular number (Table 4 ; p = 0.046), the ABP VOI total D.A. ( p = 0.023), the ABP VOI total SMI ( p < 0.005) and the ABP VOI middle SMI ( p = 0.031) all showed a smaller S.D. in the occluding side when compared to the non-occluding side alveolar bone.
To summarize, no significance could be found in the differences between all the investigated structural indices of the two sides of the tooth extraction specimens. However, a tendency was found to have a more anisotropic, more platelike, denser alveolar bone with less Conn. D. and lower BS/BV with occlusal function. The occluding side alveolar bone showed evidence of a more consistent structure than the nonoccluding side.
Comparison of MicroCT bone structural indices on tooth eruption, occlusion and tooth extraction models
The comparisons between the two models in this study showed that the normal 23-week tooth occlusion pigs and the tooth extraction models, terminated at the same age, had similar alveolar bone structure. For example, the 23-week normal occlusion pigs showed a tendency for a distinct alveolar ABP compartment from the cancellous bone in bone density and this tendency was also found in both sides of the tooth extraction specimens. Along the tooth root, the 23-week normal occlusion pigs showed a marginally decreasing ABP bone density from cervical to apical and this difference was also present in the two sides of the tooth extraction specimens.
On the other hand, both the occluding and non-occluding sides of the tooth extraction model showed significant differences to the 13-week tooth eruption model in some indices. First of all, the non-occluding side had higher ABP middle VOI BV/TV than the 13-week eruption specimens (mean of 0.69 vs. 0.43, Bonferroni correction, p = 0.022; Table 1 ). Furthermore, the non-occluding side had higher Tb.Sp in cancellous apical VOI ( p = 0.022; Table 6 ) and lower ABP middle VOI SMI than the 13-week specimens ( p = 0.012). The occluding side also showed some differences to the 13-week tooth eruption specimens, such as higher Tb.Th in cancellous apical VOI ( p = 0.011; Table 5 ), lower BS/BV ( p = 0.036; Table 3 ) and lower cancellous apical SMI than the 13-week specimens ( p = 0.044; Table 7 ).
Discussion
In all of the older pigs, bone density of the ABP VOI showed a tendency to increase and to become more distinct from the cancellous bone VOI, regardless of occlusal status. All 23-week pigs showed higher ABP density than the 13-week specimens and marginally lower cancellous bone density than the corresponding ABP. In addition, the bone densities were similar between the two sides of the tooth extraction specimens. This is in contrast to previous studies in mouse in which after removal of antagonist lower molars, there was lower average bone density on the non-occluding side maxillary molar alveolar bone when compared to the occluding side. 18 In the present study, bone growth in the absence of occlusal load apparently lead to the development of a denser and more distinct ABP in the non-occluding side of the 23-week pigs.
The presence of a well-developed ABP compartment in older pigs lacking occlusion suggests that ABP development was independent of occlusal function. Instead, other sources of loading may contribute to the development of alveolar bone proper compartments. In the monkey mandible, both the working and balancing sides experienced bending or torsion during mastication. 19, 20 Mandibular torsion or bending during mastication may promote adaptive change of alveolar bone in pigs, and occlusal function may be only a minor factor in determining alveolar bone structure. Although maxillary tooth extractions resulted in greater alveolar strains on occluding side jaws, there were still substantial alveolar strains in the nonoccluding side during chewing. 12 Masseter muscle activity in conjunction with occlusion of anterior teeth may result in torsional deformation of the mandible during chewing and could account for the strain levels in alveolar bone supporting non-occluding teeth. 13 The absence of first molar occlusal loads in 13 week pigs, in addition to lower level masseter forces during mastication and mandibular twisting, could also explain the indistinct ABP compartment in younger pigs. The tendency to develop a distinct ABP compartment in all of the older pigs may also represent the different roles the ABP and cancellous bone play in alveolar bone load resistance and distribution. The cortical bone is believed to resist deformation while the role of cancellous bone is more stress-distributing. 3, 6, 8 However, the ABP also functions in periodontal ligament attachment of the tooth. In this study, the ABP VOIs of all of the 23-week pigs showed marginally higher BV/TV in several regions than the corresponding VOIs of 13-week pigs. Also a decreasing tendency in BV/TV from cervical to apical was found in all of the 23-week pig ABPs whereas the corresponding regions in the 13-week pigs showed no regional difference. A numerical model of loading at the human first maxillary molar suggested that occlusal stress would concentrate mainly on cervical cortical bone around the tooth root. 21 The tendency for a denser and apically decreasing ABP density in 23-week pigs could indicate that the ABP responded to occlusal loading with increased bone apposition in the 23-week pigs, especially in the cervical ABP. In the absence of occlusion, fortification of the ABP may promote tooth attachment and resistance to torsional forces during mastication. The main function of cancellous bone is different from cortical bone, in that cancellous bone distributes applied load to adjacent cortical bone; thus, the structural fortification of cancellous bone could be expressed in ways other than increase of bone density. For example, a tendency toward structural consolidation was found in the cancellous bone of all of the 23-week specimens in that the cancellous bone VOIs showed marginally less connectivity, less trabecular number and higher trabecular thickness and separation in several regions when compared with the 13 week pigs. This finding matches previous studies that the fine trabecular pattern of the distal radius in young children coarsens with age, and the trabeculae increased in thickness and decreased in numbers when maturing. 1, 2, 7, 10, 11 The alveolar cancellous bone structure tended to develop into principal struts to replace the initial fine trabeculae after growth or occlusal loading. This arrangement could indicate that the cancellous bone responded to growth and occlusal function with structural consolidation in the 23-week pigs for fortification. In the absence of occlusion, structural consolidation of the cancellous bone may promote resistance to torsional forces within the mandible.
In contrast to expectations, alveolar bone did not show changes in anisotropy distal to M 1 in specimens with occlusal function. In cancellous bone, trabeculae are proposed to reduce stress concentrations by distributing strain within the trabecular network. 6, 22 The trabeculae are thought to adapt their orientation to be mainly along the direction of applied load in order to provide better support in this direction. 6 In a study using microCT, pig vertebral and proximal tibial cancellous bone was found to have increased anisotropy with age. The pig's increasing body weight during growth was suggested to increase load to the vertebrae and tibia and to induce the change in anisotropy. 7 In this study, cancellous bone from 13-week tooth eruption pigs showed similar D.A. with all of the 23-week pigs; thus, anisotropy did not increase in the older pigs with or without occlusal function. One possibility is that the experimental period in this study may not be long enough for a change in alveolar bone to be identified. In the previous microCT study, the anisotropy of pig vertebral and proximal tibial cancellous bone only started to increase after 23 weeks old. 7 Thus, anisotropic change of alveolar bone in the tooth occlusion model may have become more accentuated after a longer period of function. After growth, the pig alveolar bone showed a tendency to change from a more rod-like into a more plate-like structure. The SMI was lower (more plate-like) in 23-week normal occlusion ABP middle VOI than 13-week specimens, and both sides of the tooth extraction model showed the same tendency when compared with the 13-week specimens. This matches previous findings that with aging, human lumbar bone transitions from a rod-like to a more plate-like structure. 4 The negative values of SMI, which could come from a very dense and concave plate-like structure, 23 were common in all of the 23-week alveolar bone. These findings indicate that the alveolar bone structure consolidated from the initial fine rod-like structure into thicker, more plate-like structure after growth. The plate-like structure is found to provide enhanced bone strength relative to the rod-like structure. 9 Therefore, the alveolar bone transformed into a more plate-like structure that can provide better strength after growth, with or without occlusion. The decreased standard deviations found in the average BV/ TV of 23-week normal occlusion specimens demonstrated that the alveolar bone structure developed into a more consistent framework when compared with 13-week bone that had a wider range of BV/TV values. Structural consolidation into a more consistent bone structure was a clear tendency for older bones with occlusal function. This may indicate that there is a minimum requirement in bone structure needed to resist the applied loads during mastication in older bones. Therefore, the alveolar bone indices appeared at a similar range after growth and occlusal function. Before the introduction of occlusal loading and at a younger age, the alveolar bone structure is of less importance so the range of structure patterns can differ without causing significant consequences. This consolidation tendency also matches the concept of 'load predictability' in which bone is hypothesized to develop into a form with a more predictable load pattern. 24 Distinct locations of bone are reinforced in structure to guide future bone strain in predictable pathways. Therefore the chance of developing dangerous strain levels in unfortified structural regions can be minimized. The development of a more consistent and consolidated structure of alveolar bone after growth and occlusal loading may indicate that during mastication the alveolar bone experienced significant loading and required reinforcement. After growth, the ABP developed into a denser and more plate-like structure while the cancellous bone developed into a more consolidated structure, regardless of occlusal status. After growth and occlusal loading, the ABP and cancellous bone developed into a more consistent structure. These changes may provide better support to the tooth during occlusal loading and mandibular torsion. Although the differences were not significant between the two sides of the tooth extraction model, when occlusal function was emphasized, a tendency was found for occlusal force to demonstrate an impact on the alveolar bone structure. For example, the occluding side showed a tendency toward denser cancellous bone (higher cancellous total VOI BV/TV), fewer trabeculae (lower cancellous total connectivity, Conn. D.); and lower bone surface (BS/BV), lower trabecular number (Tb.N) and higher trabecular separation (Tb.Sp) in the middle cancellous VOI. The occluding side also showed a tendency toward a more anisotropic (higher degree of anisotropy (D.A.), middle cancellous VOI) and more plate-like cancellous bone structure (lower cancellous total SMI) than the non-occluding side ( p = 0.068 for all). The occluding side also showed significantly lower standard deviations of some indices than the non-occluding side. Occlusal force alone caused the alveolar bone to develop toward a more consolidated, more anisotropic and more consistent structure. Occlusal function may have effects on the supporting alveolar bone, but the sample sizes are too small in this study to demonstrate significance. An additional possibility is that the experimental period in this study may not be long enough for a change in alveolar bone to be identified.
This study provides new insight into how different regions of alveolar bone respond to occlusal loading. Alveolar bone change along the developing tooth root was compared relative to a stable reference point, i.e. the root bifurcation. For example, when comparing the cervical third cancellous bone of 13-week to the cervical third cancellous bone of 23-week specimens, the structural change before and after occlusal function of alveolar cancellous bone closest to the root bifurcation was analyzed. This root bifurcation reference point also helped with the following comparisons of the middle and apical thirds; thus, changes in the alveolar bone along the whole tooth root before and after occlusal loading could be revealed. This method provides a more detailed site-specific description of alveolar bone adaptation under occlusal loading rather than the general description of the change of whole alveolar bone surrounding the tooth root in other studies. 2, 18 In summary, this study demonstrated that both growth and occlusal loading could promote a distinct ABP compartment formation surrounding the tooth root; however, other sources of mandibular loading may also be involved. In the comparisons of 23 week normal occlusion specimens and the two sides of the tooth extraction specimens to the 13 week tooth eruption specimens, bone growth and mandibular twisting during chewing were suggested to lead to a tendency for a denser and distinct ABP development. Comparisons between tooth eruption 13 week and normal occlusion 23 week pigs showed that the anisotropy of alveolar cancellous bone did not increase with occlusion and may need a longer period of time to become more accentuated. When occlusal loading was emphasized in the tooth extraction model, the occluding side alveolar bone showed a trend toward a more consolidated and consistent structure than the non-occluding side. In cancellous middle VOI, the D.A. of the occluding side showed a tendency to be higher than the non-occluding side; however, a similar increase was not noted in the cancellous VOI of the normal occlusion 23 week vs. 13 week pigs. The observed bias toward chewing, as well as the significantly higher alveolar strains on the occluding side suggest greater usage of the occluding side of the tooth extraction model, and may account for the tendency toward anisotropic cancellous bone.
Limitations of the study include the small size of the sample, the specificity of the alveolar region examined and the time period for alveolar bone growth following tooth extractions. The small sample sizes studied limit the interpretation of the specific roles of growth and occlusal loading to alveolar structure and additional studies are required to elucidate the relative contributions of each.
Over-generalization of these study results to other alveolar bone region should be avoided since mandibular bone density is different from that of the maxilla, and even in the same jaw, the bone density is not consistent in all areas. 25 Also a pig model older than 23 weeks could further clarify the impact of occlusal loading on the anisotropic change of alveolar cancellous bone.
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